The Department of Defense (DOD) and first responder communities are evaluating and developing optical systems for the detection and identification of explosives and components used for assembling homemade explosives (HMEs). Emerging detection technologies must be evaluated with authentic hazard material concentrations to ensure their accurate and reliable use in the field. In this work, infrared (IR) reflectance spectra over the spectral rage of 1000-1700 cm -1 were collected for different concentrations of inkjet-printed RDX (cyclotrimethylenetrinitramine) samples deposited onto aluminum substrates. A plot of the integrated area of both the symmetric and asymmetric NO 2 vibrational bands for RDX on aluminum exhibited good linearity over the concentration range 20-500 mg/cm 2 . Detection limits for RDX on an aluminum surface were calculated to be 10.7 mg/cm 2 for the symmetric NO 2 vibrational band and 1.4 mg/cm 2 for the asymmetric NO 2 vibrational band. Evaluation of the NO 2 vibrational band areas at different locations of the RDX array demonstrated that the samples exhibited good homogeneity across the surface. The concentration of an unknown sample of RDX on aluminum was determined using the fitted equations; results showed good agreement between the calculated and actual RDX surface concentration. The lot-to-lot variation of RDX on the aluminum surface was compared using the long wavelength infrared (LWIR) spectral band areas for two different lots of standards printed at the same RDX surface concentration. Results showed excellent lot-to-lot agreement indicating good reproducibility of the standards for RDX.
Introduction
There is a need to detect explosives in or on various containers such as shipping containers, luggage, and handbags, rapidly with as few false positives and negatives as possible. Detection scenarios include vapors originating from explosives in containers and explosives residue on the outside surfaces of the containers. Because of the extremely low vapor pressure of explosives 1 such as cyclotrimethylenetrinitramine (RDX), pentaerythritol tetranitrate (PETN), and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), detection of vapors associated with the explosives is especially challenging. Detection of trace levels of explosives or compounds associated with explosives placed on the surface by the person first handling the explosives followed by handling the container may have a better chance of success. Because of this, there has been a significant amount of effort in developing systems to detect explosive residue on various surfaces. [2] [3] [4] However, the primary focus of these efforts has been on the identification of the different explosives against various interferents while there has been little effort in the determination of the actual detection limits using well-defined standards for different optical systems.
Standardized reference materials and preparation methods are needed for proper testing of system capabilities, the establishment of reliable benchmarks for system development, and to compare technology between systems. Furthermore, an assortment of explosive reference materials is needed to allow for flexibility in reacting to the diverse range of threats encountered. A variety of techniques that offer temporary alternatives have been employed, including spray deposition and drop-and-dry (dropcasting) methods; however, it is often observed that there is material waste or uneven sample coverage. In the latter case, material loading fluctuations over a given surface area may result in significant signal variance from laser-based detection systems that have beam diameters on a similar length scale. Drop-on-demand inkjet printing technology has emerged as an effective approach to produce test materials to meet the requirements for sample standardization. Unlike other sample preparation methods that often result in the ''coffee ring'' effect, for which most of the material is concentrated along the edges, samples prepared using drop-on-demand inkjet technology demonstrate excellent uniform material dispersion throughout. [5] [6] [7] Droplet volumes are five to six orders of magnitude smaller than the microliter volumes delivered by pipette, resulting in fast evaporation of the solvent. These very small volumes are key to mitigating some of the problems with dropcasting, specifically the formation of ''coffee rings'' and the inability to obtain a homogeneous distribution of material over a specific area. 6 This is of particular concern with spatially sensitive techniques such as optical interrogation. A significant advantage of high-precision inkjet printing is that it enables highly reproducible preparation of samples at different concentrations. 8 The presence of the different polymorphic phases of RDX deposited on a surface using inkjet printing was investigated using Raman chemical imaging. 9 The Raman chemical imaging system indicated that varying polymorphs of RDX existed on the surface depending on the deposited concentration of RDX. The authors pointed out that knowledge of such polymorphism for inkjet-printed standards is important when considering spectral features used for sample identification. Evaluation of standards of RDX, trinitrotoluene (TNT), and ammonium nitrate on gold coated silicon, glass, and stainless-steel substrates prepared by (1) inkjet printing, and (2) smearing technique demonstrated inkjet printing to be the superior technique based on its high reproducibility and ability to evenly distribute analytes on the test surfaces. 10 Infrared (IR) spectroscopy is a well-known spectroscopic technique that exhibits high selectivity based on the vibrational energy of specific molecular/functional groups within the molecule. Infrared spectroscopy can also be used for standoff detection of hazardous materials such as explosives or chemical warfare agents on surfaces. [2] [3] [4] Detection of RDX and TNT at standoff distances of 0.91, 1.83, 2.74, and 3.66 m (3, 6, 9, and 12 ft.) was reported for samples prepared by smearing a solution of the explosive in acetonitrile onto the surface. Detection limits at 3.66 m (12 ft.) for TNT and RDX were reported as 18 mg/cm 2 and 20 mg/cm 2 , respectively. 2 However, there was no evidence demonstrating the homogeneity of the smeared samples and, therefore, the actual concentration measured by the system is unknown. Without good, homogenous, reproducible standards, the detection limits for any standoff system cannot be determined with any confidence. Because the surface concentration of inkjet-printed samples is better controlled than other methods of sample preparation, 5, 7, 8 they are ideal for generating detection limits for explosives on surfaces.
In this work, we have investigated the long wavelength infrared (LWIR; 1100-1700 cm -1 ) reflectance spectra for a series of inkjet-printed samples of the explosive RDX at different surface concentrations on an aluminum surface. The goals of this investigation are to: (1) evaluate the linearity of the IR absorption band area versus RDX concentration over a given surface concentration range; (2) determine the detection limit for RDX on an aluminum surface; (3) demonstrate the capability of inkjet-printed samples to generate quantitative results for an unknown sample of RDX on a surface; and (4) determine the reproducibility of the inkjet printing technique based on the IR spectrum at different positions of the RDX array on the aluminum surface in the LWIR (i.e., spectral region).
Experimental
Duplicate samples consisting of RDX on aluminum substrates at concentrations of 20, 70, 100, 200, 400, 500, 700, and 1000 mg/cm 2 were prepared using inkjet printing, which has been described previously.
5-10 Figure 1 shows a 1000 mg/cm 2 RDX array measuring 2.54 Â 2.54 cm (1 Â 1 in.) printed using a 10 mg/mL solution of RDX (Cerilliant) in acetonitrile (solvent). The total number of drops needed to achieve a desired concentration per unit area was calculated based on the mass of a single microdrop and the solution concentration. Based on the number of total drops needed, the array spacing and drops needed per line can be calculated. Patterns were printed using the print on-the-fly mode. Although this printing mode improves sample throughput, a limitation is the ability to print samples with droplet spacing < 70 mm. Printed concentrations of RDX > 10 mg/cm 2 required multiple arrays of the RDX ''ink'' be deposited or over-coated on the substrate surface. This over-coating could result in less uniform samples and inhomogeneity from sample to sample.
Drop diameter is estimated to be $60 mm, based on the capillary orifice diameter. The total number of drops needed to achieve a desired concentration per unit area is calculated based on the volume of a single microdrop and the solution concentration. Based on the number of total drops needed, the array spacing and drops needed per line can be calculated. These values are easily adjusted depending on solution concentration. Printing parameters may be calculated as reported in the literature. 5 The reproducibility of optimized drop-on-demand systems has been reported to be better than 1% relative standard deviation (RSD) from measurement-to-measurement (within-day) and better than 2% RSD for day-to-day measurements of dispensed volumes. These deviations are significantly lower than those observed for other sample preparation methods. Utilizing a common commercial off-the-shelf (COTS) drop-on-demand printing platform, we achieved a dropto-drop variation/RSD of 7% for RDX. 5, 6 Table I shows the number of coatings (i.e., printed arrays) required to achieve the desired concentrations of RDX on the aluminum substrates. The preparation of standardized samples requires a microdroplet mass calibration method to ensure sample reproducibility and uniformity. Ultraviolet visible (UV-Vis) absorbance spectroscopy was used as the primary calibration method. The UV-Vis calibration method was verified using a sensitive microbalance (Mettler-Toledo XP2U). Further method validation was completed by an external laboratory using ion chromatography. 5 After printing, all samples were packaged in a Gel-Pak container to preserve the integrity of the printed surface, placed in a vacuum bag and vacuum-sealed. The samples were stored in a freezer at a temperature of -10 C until used. Samples were removed from the freezer and allowed to reach temperature equilibrium with the room (25 C nominal) over a period of 1 h. After removal from the packaging and exposure to atmosphere, the samples were mounted in the Fourier transform infrared (FT-IR) chamber, the chamber purged with dry nitrogen, and reflectance spectra collected. After collection of the spectra, the samples were placed into a plastic desiccator with activated alumina desiccant spheres (Sorbtech Sorbent Technologies) and the desiccator sealed. The samples were stored in the desiccator at room temperature.
Infrared reflectance measurements of all samples in the LWIR spectral region were acquired using a Thermo Nicolet Nexus 870 FT-IR spectrometer outfitted with a mercury-cadmium-telluride (MCT) liquid-nitrogencooled-detector. Reflectance spectra were collected using an accessory (Anaylect Inc.) consisting of dual off-axis parabolic mirrors capable of rotating between 0 and 15 with respect to the normal to the sample surface. In all experiments, the launch and collection angles were fixed at 15 in order to acquire the diffuse reflectance and reject any specular reflectance from the sample. A LabSphere InfraGold reflectance standard was used to collect reference spectra before collection of sample spectra. In all cases, the FT-IR chamber was sealed and purged with dry nitrogen (liquid N 2 bleed) until all traces of atmospheric moisture and carbon dioxide were not detectable (4 min). Each spectrum consists of 64 co-added spectra over the spectral range 650-4000 cm -1 . Reflectance spectra of inkjet-printed samples were collected from five positions on the RDX array; the center of the sample and the four corners of the sample. Samples were placed in the FT-IR sample chamber that was then sealed and purged for 4 min with dry nitrogen. Three replicate reflectance spectra of the sample were collected for position 1 then the sample was moved for collection of the spectrum at position 2 until spectra were collected at all five positions. The band areas from all five positions on the RDX array were averaged and used for all plots and calculations.
The integrated area for all IR absorption bands were calculated using Thermo-Nicolet Omnic software. The a and b polymorphs of RDX exhibit symmetric NO 2 and asymmetric NO 2 stretching vibrational bands over the spectral regions of 1240-1390 cm -1 and 1500-1600 cm -1 , respectively. 11 Therefore, in order to minimize the changes in the calculated band areas with respect to the presence of either polymorph, band areas were calculated by integrating over these spectral regions with identical baseline regions to enable direct comparison of all results.
Results
The NO 2 functional group is a key diagnostic for identification of RDX on surfaces using IR reflectance spectroscopy Table I . Number of inkjet coatings required for a given concentration of RDX. 2  50  5  70  7  80  8  100  10  200  20  400  40  500  50 and Raman spectroscopy. It has been previously reported, based on Raman spectroscopic and Raman imaging results, that absorption bands corresponding to vibrations of NO 2 in the RDX molecule exhibit a shift in wavenumber with respect to the concentration of RDX deposited onto a surface using inkjet printing technology. 9 The observed shifts in the vibrational bands were shown to be due to the formation of different polymorphs of RDX at different concentrations deposited onto the surface using inkjet printing. Similar changes in the reflectance IR spectra with respect to surface concentration are also evident for inkjetprinted RDX samples at the concentrations of 1000 mg/cm 2 and 20 mg/cm 2 on aluminum as shown in Fig. 2 . Comparison of the two spectra show fewer vibrational modes exhibited by the 20 mg/cm 2 sample than the 1000 mg/cm 2 sample, which is consistent with the observation by Brill et al., 11 that the less stable b-RDX polymorph exhibits fewer vibrational modes than the more stable a-RDX polymorph. Therefore, the spectra in Fig. 2 demonstrate that the 20 mg/cm 2 sample is predominantly b-RDX and the 1000 mg/cm 2 sample is predominantly a-RDX. As pointed out in the experimental section, band areas were calculated over a sufficiently wide spectral range, shown in Fig. 2 for both symmetric and asymmetric NO 2 vibrational bands, to include any spectral changes due to the presence of the different polymorphs at different RDX surface concentrations.
The uniformity of the RDX array on aluminum was evaluated at concentrations of 20 mg/cm 2 , 400 mg/cm 2 , and 1000 mg/cm 2 by comparing the band areas for the symmetric and asymmetric NO 2 stretching vibrational bands at the center and five corners of the square RDX array on aluminum. Plots of the normalized band areas for both the symmetric and asymmetric NO 2 stretching vibrational bands with respect to the position on the RDX array from where each spectrum was collected are presented in Fig. 3a and 3b , respectively. The normalized standard deviation values for 1s and 3s were calculated using the 1000 mg/cm 2 sample IR spectra. Figure 3a and 3b show that the normalized band area for both the symmetric and asymmetric NO 2 stretch of RDX on aluminum fall within 1s at all positions on the RDX array for all RDX surface concentrations except for the sample concentration of 20 mg/cm 2 . Figure 3a shows that the normalized band area for the symmetric NO 2 stretch for the 20 mg/cm 2 sample falls outside the 1s range, but within the 3s range, at position 1. Likewise Fig. 3b shows that normalized band area for the asymmetric NO 2 stretch for the 20 mg/cm 2 sample falls outside the 1s range, but within the 3s range, at position 4. The results shown in Fig. 3 demonstrate that the surface concentration of the RDX array is highly uniform at the lowest and highest concentration of RDX samples studied as deposited using the inkjet printing technique.
A plot of the average band area for the five different sampling positions on the RDX array versus sample concentration for the NO 2 symmetric stretching band and the NO 2 asymmetric stretching band over a concentration range of 20-1000 mg/cm 2 is presented in Fig. 4 . Plotted error bars correspond to the 95% confidence interval (CI) of the band areas for the five different sampling positions on the RDX array for each sample. Both data sets fit well to linear equations over the concentration range of 20-500 mg/cm 2 ; at 500-1000 mg/cm 2 , the band area does not change significantly, suggesting that the absorbance is saturated by the thicker layers of RDX on the aluminum coupon. We have not measured the thickness of the RDX layers at this point; however, evaluation of the photoluminescence (PL) emission of an inkjet-printed polymer (poly(9,9-dihexylfluorene-alt-2,5-dioctyloxybenzene) has demonstrated that the intensity of the PL emission decreases with increasing film thickness due to quenching in the thicker films, which is a similar effect to that observed here. 12 Fitting of the band areas for samples over the concentration range 20-500 mg/cm 2 resulted in the following linear equations:
The limit of detection (LOD) of RDX on an aluminum surface using the NO 2 asymmetric and the NO 2 symmetric stretch vibrational bands was calculated according to Long and Winefordner:
where s represents the standard deviation of the peak area for a blank aluminum coupon over three separate scans, b represents the y intercept for the calibration curve which in this case is 0, and m represents the slope of the calibration curve. The calculated LODs for RDX inkjet-printed onto an aluminum substrate over the concentration range of 20-500 mg/cm 2 for samples mounted in the FT-IR chamber and under dry nitrogen are: The IR reflectance spectrum of an ''unknown'' sample of RDX was measured in the same way described in the experimental section and the band area calculated. Using Eqs. 1 and 2, the concentration of the ''unknown'' sample was calculated then compared to the actual concentration of RDX (100 mg/cm 2 ) on the aluminum substrate. The percent difference between the calculated and known concentration of RDX on the surface was determined according to:
Results presented in Table II show a good match (14% difference) for the NO 2 symmetric stretch vibrational band and an excellent match (7% difference) for the NO 2 asymmetric stretch vibrational band to the known concentration of RDX on the aluminum substrate.
Lot-to-lot variation of the inkjet samples was evaluated using a quality control approach where the measured band areas in the LWIR for the same concentration of RDX for duplicate samples are plotted against each other. In an ideal case, the slope of the line and correlation coefficient are equal to 1.00; however, in real samples the acceptable range of the slope of the line and correlation coefficient evaluation of lot-to-lot variation are 0.85-1.15 and 0.85-1.0, respectively. 14 In Fig. 5a the NO 2 asymmetric stretch band area for Sample Set 2 versus band area for Sample Set 1 is plotted over the RDX concentration range of 20-1000 mg/cm 2 . The slope of the fitted line is 0.979 with a correlation coefficient of 0.989 indicating an excellent correlation between the two different lots over the entire concentration range. Figure 5b shows similar data for the NO 2 symmetric stretch band area where the slope of the fitted line is 0.949 with a correlation coefficient of 0.994 indicates an excellent correlation between the two different lots over the concentration range of 20-1000 mg/cm
2 . These results demonstrate that singlechannel inkjet printers are capable of generating high-quality reproducible standards of explosives on surfaces. For samples requiring these higher mass loadings, dispensing systems with multi-orifice print heads or spray deposition techniques have been used successfully. 6 
Conclusion
The use of inkjet printing to produce sample standards of solids on surfaces offers a methodology for the preparation of reproducible samples; however, the assessment of such standards for quantitative IR spectroscopy have not been studied in depth. Long wavelength IR reflectance spectra were collected for a series of inkjet-printed samples of the explosive RDX deposited onto aluminum substrates at different surface concentrations. Infrared reflectance spectra showed that for the 1000 mg/cm 2 sample, the a-RDX polymorph dominated, while for the 20 mg/cm 2 sample the b-RDX polymorph dominated. The RDX array on aluminum, for concentrations of 20, 400, and 1000 mg/cm 2 , was demonstrated to be uniform across the surface of the array indicating minimal impact on surface uniformity for multiple coatings needed to achieve higher surface concentrations. Plots of the area of NO 2 symmetric and asymmetric vibrational bands versus the surface concentration of RDX showed a linear relationship over the concentration range of 20-500 mg/cm 2 . At RDX concentrations > 500 mg/cm 2 , the vibrational band area for both the NO 2 symmetric and asymmetric vibrational bands exhibited a flat absorbance change with respect to concentration. This is most likely due to saturation of the absorption by the thicker layers of RDX on the surface. Detection limits for RDX on aluminum was determined to be 10.7 and 1.4 mg/cm 2 for the NO 2 symmetric and asymmetric vibrational bands, respectively. These detection limits can be considered ideal for RDX on an aluminum surface in that all work was carried out at short pathlengths and under a dry nitrogen atmosphere. Evaluation of the lot-to-lot variation for a series of two different sample sets of RDX on aluminum indicated good reproducibility of concentrations of RDX from 20 to 1000 mg/cm 2 .
